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PERFORMANCE OF A ZO-INCH STEADY-FLOW RAM JET AT HIGH
ALTITUDES AND RAM-PRESSURE RATIOS

By Eugene Perchonok, William H. Sterbentz
and Fred A. Wilcox

SUMMARY

The results of an investigation conducted in the Cleveland altl-
tude wind tunmel to determine the periformance of & 20-~inch ram Jet
are presented and discussed. The investigation was conducted at alti-
tudes ranging from 7000 to 41,500 feet and at ram-pressure ratios
equivalent to free-stream Mach numbers as great as 1.84 using pre-
heated 62-octane fuel. Supplementary tests to determine any changs
in performahce caused. by changing the fuel to nreheated 100-octane
were also made. An exbension of the methods of data reduction and of
the generalizing performance varameters applicable at supersonic Mach
nvmbers and over s wide range of operating conditions is presented.
The magnitudes of the total-pressure losses across the various phases
of the ram~-Jet cycle are analyzed and discussed.

At an equivalent free-stream Mach nmmbsr of 1.84 and a gas total-
temperature ratio across the engine of 5.7, the equivalent sea-level
net thrust was 8135 pounds. For these conditions, the over-all effi-
ciency was 12.6 percent and the combustion efficiency was 70.3 percent.
The corresponding net-~thrust coefficient was 0.74. The investigatlion
also showed that no change in the performance or operating range of
the engine occurred when the fuel was changed from preheated 62-octane
to preheated 100-octane gasoline,

INTRODUCTION

Experiments have been conducted at the NACA Cleveland laboratory
to determine the feasibility of operating a ram jet at high altitudes
and at rem-pressurc ratios equivalsnt to supersonic flight spesds.
PerTormance studics of a ram Jet at equivalent free-stream Mach numbers
to 1.26 and at altitndes to 30,000 feet were mede at this laboratory
and are reported in refersices 1 and 2. Other ram- Jet studies (ref-
erences 3 to 6) present subsonic ram-jet performance.
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In the present investigatien made to extend the performance data,
dry refrigerated alr was admitted to a 20-inch ram Jst mounted in the
altitude wind tunnel. The desired ram-presaure ratio acrose the engine
was obbained by throttling the inlet alr to the ram Jet from approxi-
mately sea~level pressure and adjusting the static pressure in the
tunnel, The performance of the engine was studled at altitudes up to
41,500 feet and ram-pressure ratios equivalsnt to Mach nmumbors as great
as 1,84, The selection of the ram-jet confilguration used in this study
was based on the results of previous investigations (references 1 and 2).

The results obtained in this investlgstion are swmarized and the
effect of a variation in combustion-chawber length on engine performance
at high altltudes and at ram-pressure ratlios squivelent to supersonic
flight speeds is discussed, The development of the parameters by means
of which the performence of rem Jets can be generalized to any desired
operating conditions, originally pressnted in reference 1, has been
awplifled to include additional variations sencountered in the greater
cperating range covered in this investigation. In the expression of
the values of ram-pregsure ratio at which the engine was operated in
terms of equivalent free-stream Mach number, the effect of shock losses
that would occur at supersonic flight veloclties are included.

APPARATUS AND PROCETURE

The 20-inch ram Jet used in the investigation was mounted in the
altitude-wind-tunnel test sectlon below a 7-foot chord wing, which was
supported at the tips .by the wind-tunnel balance frame (fig. 1). Dvy
refrigerated alr was supplied to the ram Jet through a pipe from the
wind-tunnel meke-up air duct., This air was avallable in the make-up
air duot at approximately sea-level pressuyre and was throttled to pro-
vide the desired total pressure at the diffuser inlet. The ram Job
exhausted directly into the wind tunnel, in which the pressure altitude
was varied to obtain different valuesg of ram-pressure ratic across the
unit. Restraint of the model by the ram pipe was obviated by a sealed
slip Joint inserted between the ram pipe and the diffuser inlet. The
tunnel balance system could then be used to measure the thrust.,

The diffuser had an 8° included angle, a l4~inch-dlameter inlet,
and a 20-inch-diameter exit. The engine was operated with replaceable
20-inch~diameter, 5~ and l2-foot combustion-chomber sections to which a
converging nozzle 2 feet long with a 16.8-~inch~diameter exlt was
attached. The shell was cooled by circulating water through copper
tubing wrapped around the combustion chamber and exhaust nozzle.

Two different fuel injector systeme (fig, 2) were used with no
apparent change in operation of the engine. One system consisted of
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four 1/4-inch steel tubes having a total of 68 No. 70 holes drilled
along the tube lengths. These holes were equally spaced along the

four tubes and extended to within 2 inches of the diffuser wall.

The other system conslgsted of seven steel tubes having the same number
and size of holes equally spaced along the tubes. The total of 11 tubes
were equally spaced and arranged in .an 80° V patterm; the open end of
the V was 5 inches downstream of the diffuser inlet. The fuel was
injected directly upstiream.

A flame holder (fig. 3), consisting of & grid of horizontal
and vertical 30° V's 1 inch across the open end and with Zé-inch

vertex spacing, was mounted at the combustion-chamber inlet with the
voertices of the V's facing upstream. A gas pilot to start combustion
was bullt into the flame holder and igunition for the pilot was pro-
vided by a modilfied aircrart spark plug. The cold stailc-pressure
drop across the flame holder was 2.9 times the dynamlc pressure at
the combustlon-chamber inlet. '

The sbeam heat-exchsnger fucl-preheating system described in
reference 2 was also used in this investigation. The fuel temperature
was maintained abt 220° +40° F by regulating the steam flow. An
unleaded 62-octane gasoline (AN-F-22) was used. Supplementary tests
were also made using a leaded 100-octans gasoline (AN-F-28).

During operation, local hot spots were observed on the combugtion-
chamber shell under the copper cooling coils. An experimental section
(fig. 4), which eliminated all tendencies toward local overheating,
was inserted as part of the cowbustion chamber. The section was cone
structed by seam-welding an outer shsll corrugated to form a helical
cooling-water path to a smooth, cylindrical inner shell.

Static pressureas, total pressures, and indicated temperatures
were measured with a survey rake mounted at the diffuser inlet.
Thege pressures and temperatures werc used to compute the alr flow
through the engine and the velocities at the diffuser inlet and exit.
Tho fuel flow was deberminsd with a rotameter. Fuel temporatures
and pressures were measured at the injector manifold.

Data were obtained at pressure altitudcs ranging from 7000 to
41,500 feet. The fuel-air ratio was varied from approximately 0.040
to 0.067. Under choking conditions at the exhaust nozzle (Jet Mach
number greater than 1), the meximum fuel-air ratio was limited to
0.051 because the peak delivery rato of the fuel pumn had been
reached and the minimum fuel-air ratio was limited to approximately
0.042 because the fuel-injector prossure dropped below the fuel vapor
prossure at this point. The inlet-air temperature was maintained at

10° #10° F.
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SYIMBOLS

The following symbola are used in this paper:
cross-sectional ares, square Ieet

2 F,
net-thrust coefficient, -

E
YoPohaty

-gpecific heat at constant pressure, Btu per pound per °OF
Jet thrust, pounds

net thrust, pounds

fuel-air ratio

accelerstion of gravity, feet per second per second
lower heating value of fuel, 19,000 Btu per pound
mechanicel eguivalent of heat, foot-pounds per Btu
Mach number

mase gas flow, sligs per second

total pressure, pounds per square foot absolute
static pressure; pounds per square foot absolute
gas constant, foot-pound per pound per °p

total temperature, °R

static temperature, OR

velocity, feet per second

alr flow, pounds ner second

fuel flow, pounds per second

ratio of specific heat at constant pressure to
ppeciflic heat at constant volume

=S |
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Subscripts:
0

1

N 5

ratio of absolute tunnel ambient pressure to abso-
lute static pressure at NACA standard atmospheric
conditions at sea level, po/leS

ratio of ebsolute total temperature at exhaust-
nozzle exit to sbsolute static temperature at
NACA standard stmospheric conditions at sea level,
T,./519

over-all efficiency, percent

combustion efficiency, percent

ratio of absolute tolal temperature at exhaust-
nozzle exit to absoclute total Ltemperature at dif-
fuser inlet, T,/Ty

ratio of absoclute total temperature at exhaust-~

nozzle exit to absolute total temperaturs at
combustion-chamber inlet, T4/T2

equivalent free~stream condition
station 1, subsonic diffuser inlet

station 2, diffuser exit and combustlon-chamber
inlet

gtation 3, combustion-chamber exit
statlon 4, exhaust-nozzle exit

exhaust-Jet condition at ambient pressure
(py = pg)

Performance narameters: .

FJ/ﬁ

jet thrust reduced to NACA standard atmospherlc
" conditions at sea level, pounds

net thrust reduced to NACA standard atmospheric
conditlions at sea level, nounds

combustion~chamber-iniet Mach number parameter
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(1 +/T7) over-all efficiency parameter, vercent
%— (1 +4/79) ideal over-all efficiency parameter, percent
b

- N )

EE ~/94 alr-flow parsmeter, pounds per second

Welly 3600

e fuel-consumpbion parameter, pounds per hour
VN

550 Wy 3600, . .

net-power agpecific fuel consumption, wvounds per netb

FnVo thrust horsepower -hour

550 Wy 3600

' net-power specific fuel consumption parameter, pounds
Fnyb(l + vﬁi) per net thrust horsepower-houxr

550 Wy 3600

1 ideel net-power specific fuel consumptlon parameter,
Fan(l + vﬂi) pounds per net thrust horsepower-hcur

RESULTS AND DISCUSSION

At all fuel-air ratios at which the engine was operated, flame
completely filled the combustion chamber., High-speed motlon-picture
studies indicated, however, that the burning, which appeared to be
gmooth but was accompanied by a gteady buzzing gound, was actually of
a high~frequency pulsating natuvre.

Below choking (Jot Mach number less than 1), the flame emitted from
the exhaust nozzle wag continuous except for occasional flashes curling
outward, Atove choking (Jet Mach nuwber greater than 1), the operation
of the engine ssemed independent of tunnel ambient pressure and shock
bands were clearly visible in the exposed flame. These shock bands
wore spaced approximately uniformly along the Jet from the nozzle exit.
Little flame color could be seen between the nozzle exit and the first
bright band (fig. 5). (For an exposition of the aerodynamic character-
igtics of supersonic gas Jets, see reference 7.)

L3
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In general, the data for this investigation have been reduced
and correlated by methods discussed in reference 1., In certain
instances, however, the performance parameters of reference 1 were
oversimpliried because of the narrow operating range covered and
proved Insdequate for correlating the data at the high Mach numbers
obtained in this investigation. A refinement and an extension of
the perfoimance narameters and methods of data reduction applicable
to performence at high Mach numbers and over a wide operating range
are presented in the appendix.

The equivalent free-stream Mach number My is taken as the
independent variable in presenting the data. This quantity is calcu-
lated from the equivalent free-stream total pressuie and the tunnel
amblent static pressure. For values of My 1less than 1, the diffuser-
inlet total pressure was teken as the equivalent fres-stream total
pressure. For values of Mg greater than 1, supersonic diffuser
losses were added to the measursed subsonic diffuser-inlet total pres-
sure to obtain the egquivalent free-strocam total pressurs. The
assumptions used in obtalning the equivalent froe-stream total pres-
sure and Mgy from the measured diffuser-inlet total pressure and the
tunnel ambient static pressure for Mp>1 are given in the appendix.

The relations of the performance parameters to Mgy for the
5-foot combustion-chamber engine are presented in figures 6 to 20.
An investigation using 100-octane gesoline (AN-F-28) showed no change
in the performance of the engine as compared with the performance when
62-octane gasoline (AN-F-22) was used. For this reason, no dats for
the performance study using l00-octane gasoline are presentsed. With
the exception of the cowbustion-efficlency data, the test points for
the 12-foot combustlon chamber fell along the curves established for
the 5-foot combustion chamber (figs. 6 to 19). Therefore, only the
Jet-thrust (figs. 6 and 7) and the combustion-efficiency data (fig. 21)
for the l2«~foot combugtlion chamber are presented.

The highest equivalent free-stream Mach number for operation
with the 5-foot combustion chamber was 1.84, Thls maximunm was set
not by an opsrational limit of the engine but by the pumping capacity
of the test apparatus. With the l2-foot combustion chamber, the
highest Mg at which the engine could be operated before blow-out
was 1.19.

The maximum Jet thrust developed by the engine with the 5-foot
combustlon chambsr, reduced to sea-lsvsl conditlons FJ/S (fig. 6)
was 14,690 pounds at Mo = 1.84. The actual Jet thrusts F3j meas-
ured end the altitudes at which these data woere obtalned are presented
in figurs 7. The pressure-altitude contours are based on the reduced
Jet-thrust curve of figure 6.
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As was to be expocted, both the Jot thrust and the ret thirust
increased sharply with My (fige. 6 to 8). The net-ihrust coeffi-
ciant also increased with in the rangs of this invsstigation
(fig, 9). At the highost equivalent free-stream Mach nuwbsr attained
(L.84), the net thrust reduced to sea-level conditione was 8135 pounds
(fig. 8). The corresvonding net-thrust ceefficient Cp was 0.74
(fig. 9). Both ths reduced net thrust and the net-thrust coefficient
increased with an increasse in the total-temperailure ratio across the
engine., - -

Equation (10) of the appendix indicates that the ideal over-all
eificiency paramcter %_.(1'+ J/T) 1is a function of only My and a
b
single curve was obtained when this paramctor was nlotted as a function

of My (fig. 10). Likewisé, a single curve was obtained by plotting
550 Wf 3600

ano(l + n/'Tl)
88 a function of M0 (fig, 11). The over-all officiency paramcter

the ideal net-power specific fuel consumstion paramctsr

i

n(1 +,/?1) and the net-powsr svecli'ic fuel consumption paramster
550 L %600

Fan(l + A/Ty)

functions of MO and combustion efficiency' 1,.. From these figurcs

the combustion orficicncy at which the date were obtained can be easily
determined. The combustion-ofilcioncy contours on figures 12 and 13
were determined from the curves of figures 10 and 11, respectlvoly.
Figures 12 and 13 can be used to calculate the actual values of ongine
over-all cfflclency and net-power specific fuel consumpticn., The values
of T,, which arv needed to dctermine the over-all efficiency and net-
power specific fucl consumption, can be obtained from figurs 9. TFor
convenionco, the actual values of over-all efficiency n and net-power
550 Wp 3600
gspecific fuel consumption —

arc plotted in flgures 12 and 13, respuctively, as

aro presvnted as a funotlon of

nVO '
M in figures 14 and 15, respectively. No curves for diffcrent valuoe
og N, have been drawn through the data becouse varlations in Ty
caused the data to scattor.

The over-all sificicney paramctors (figs. 10 and 12) end tho over-
all efficisency (fig. 14) incroased rapldly with Mach number, Concur-
rontly, a rapid dccrease in the net-powsr specific fucl consumption

paremetors (fige. 11 and 13) and the not-power spsoific fucl ccnsumption

(fig. 15) occurred. At My = 1.84, a total-tumporaturo ratio across

L]
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the engime T of 5.7, and a combustion efficiency Ty of 70.3 per-

cent, the over-all efficiency n was 12.6 percent (fig. 14). The
550 Wf 3600
corresponding net-power gpecific fuel consumptlon

anO

was 1.06 pounds per net thrust horsepower-hour (fig. 15).

The varistion of the ultimate exhaust-jet Mach number M, with

is shown in figure 16. Choking at the exhaust nozzle begins
approximately at Mgy = 1.16. Also presented In flgure 16 are theo-
retical curves of M, as a fumoticn of My and total-pressure ratio
acrogs the engine PJ/PO, assuming the ratio of specific heats at

the free-stream condition 70 and the exhaust-jet condition ')f'j

equal toe 1.4 and 1.3, respectively. These curves ars based on egue-
tion (13) of the anpendix. The correlation of these theoretical
curves and the experimental data Indicates the msgnlitude of the
total-pressure loss through the engine.

A discusslon and svaluation of the various types of pressure
loss in a ram Jjet are given in refererces 8 and 9. From the figures
of reference 8, the magnitude of the total-pressure losses across
the various phases of the rem-jet cycle can be estimsted. At a
typical engine-performance conditicn of MO = 1.70, T, = 6.0, and

My = 0.14, the theorstical total-pressure ratio is 0.93 across the
normal shock in a convergent-divergent supersonic diffuser with
ontimum contraction ratic (reference 8, fig. 2), 0.96 across the
flame holder with a cold nressure-dron coefficient of 2.9 (refer-
ence 8, fig., 5), and 0.91 across a constant-area combustion chamber
as a result of burning (reference 8, fig. 6). Inasmuch as the total-
pressure ratio across the engine was 0.75 at My = 1.70 (fig. 16),
there remains a total-pressure ratio of 0.92 attributable to lossges
resulting from shell friction, fuel-injector drag, and subsonic d4if-
fuser and exhaust-nozzle inefficlency. :

It is impossible to reduce the greatest of the total-pressure
losses, the loss caused by combustion in a constant -area tube, if
meximum thrust coefficients are desired because the ram Jet must be
operated at high values of Ty and Ms. With conbtlnued research
and develonment, it should be possible to decrease the total-pressurs
locsses caused by the flame holder and to decrease the fuel-injector
drag, the shell friction, and the diffuser and exhaust-nozzle ineffl-
cilencies. '

The data in figure 16 can be used to extrapolate the performance
of the engine to Mach numbers in excess of those at which the engine
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was operated because all of the engine losses, except the supersonic
diffuser losses, will remaln relatively constant for conditions at
which, MJ>'1 (Tl and Mo constant). The decrease in the theoretical

diverging diffuser of optimum contraction ratio with an increase in
My ocan be determined from figure 2 of reforenve 8., By application of

these calculated losses to the total-pressure ratlo across the engine
at M; = 1 (fig. 16), an extrapolated curve of MJ can be obtained

from an extension cf the pressure-ratio contours on that figure.

If the absolute total-temperature ratio Tp and M, are assumed

for gsome desired operating condition, then the Mach number at the
combustion-chawber entrance M, can be estimated from figure 17, In

this figure, the combustlon-chamber-~inlet Mach number parameter MZ./TE
wag practically independent of Mgy at Mach nimbers greater than 1,
although choking first ocourred at Mg = 1.1€.

W " -
The ailr-flow parametexr -%«/@4 and the fuel-consumption varameter
Wollp 3600

5 /0
tively. The air-flow and fuwel-consumption parameters were not afiected
by choking at the exhaust nozzle and continued to increase at M0=’l.16.

The fuel-consumption parsweter is presented as a function of T, in

are plotted as functions ¢f M, in figures 18 and 198, respec-

o T N

addition to My to include the effect of the term (1 - ﬂé{) of equa-
\.‘ 4

tion (28), reference 1.

Combusgtion-efficlency data are nresented as a funoction of fuel-air
ratio f£/a for the S-foot and 12-Foot combustion chambers in figures 20
and 21, respectively. A comparison ¢f these data indicates that length-
ening the combustion chamber from S to 12 fest improved the combustion
efficlency about 10 percent over the fuel-sir-ratio range at which the
engine was operated. As in reference 2, the heat losses through the
ram-Jet shell were not included in the calculation of combustion effi-
ciency. If these heat losses were included, the combustion-officiency
values would be apnroximately 3 percent higher for the engine having the
l2-foot combustion chember and 1 percent higher for the engine with the
S5-foot combustion chamber. The numbers opposite each point indicate the
values of combustlon-chamber-inlet static pressure 1., combustion-
chamber-inlet Mach nuwber Mo, and exhaust-nozzle-outlet static pressure
P (ambient static pressure?. These variables are the ones thought to
igfluence combugtion efficiency if the combvstion-chamber-inlet temper-
ature T 1s constant.
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Tt was difficult to separate quantitatively the effect of each
variable on combustion efficiency. As mentioned in refersnces 1
end 2, a decrease in the combustion-chamber static-pressure level
or an increase in My usuvally resulted in a dscreass in combustion
efficiency. With approximately static sea-level pressure maintained
at the combustion-chamber inlet, pressure altitude apparently had
no effect on np after choking conditions were attained at the
exhaust nozzle. No investigation was made of the effect of reduced
P, on combustien erficiency and blow-out.

The greatest combustion-chamber-inlet velocity Vo at which
the burner was operated with a 5-foct combustion chamber was 152 feet
per second. This velocity wae measured at a pressure altitude of

7,000 Tfeet when the engine was operating under chokling conditions
at the exhaust nozzle (M = 1.33) and at a total-temperature ratio
across the combustion chamber To = 5.0.. Blow-out did not occur at
this condition and it should not be considered as the limiting
combustion~chamber-inlet velocity for this burner. The maximum Vo
attained with a 12-foot combustion chamber was 140 feet per second
at a nressvre altitude of 23,000 feet. This value was obtained when
the englne was operating under choking conditions at the exhaust
nozzle (Mg = 1.19).

SUMMARY OF RESULTS

From an Investigation of the performance of a 20-inch ram jet
over a wide range of pressurs altitudes and equivalent free-stream
Mach numbers, the following results were observed:

l. A net thrust of 8135 pounds reduced to standard sea-level
conditions, a net-thrust coefficient of 0.74, and. an over-all effi-
ciency of 12.6 percent were attained at the maximum equivalent frea-
stream Mach number of 1.84 at which the engine with a 5-foot com-
bustion chamber was operated. The corresponding spec.fic fuel con-
sumption was 1.06 pounds per net thrust horsevower-hour. At this
condition the total-temperature ratio across the engine was 5.7 and
the combustion efficisncy was 70.3 percent.

2. The engine with a 5-fcot combustion chamber was operated at
combustlion-chamber-inlet velocities up to 152 feet per second. This
velocity was attained during choking at the exhaust nozzle and at a
ratio of absolute total temperature at the exhaust-nozzle exit to
that at the combustion-chamber inlet of 5.0.
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3. In the range investigated the principal total-pressure loss
was caused by combustion. At an equivalent free-stream Mech number
of 1.70, a combustion-chamber-inlet Mach number of 0.1l4, and at a
total-temperature ratio across the engine of 6.0, the total-pressure
ratio across the engine was 0.75. For these condltions the estimated
total-pressure ratlos across the various phases of the ram-jet cycle
that contribute to total-pressure losses were as follows:

Total-pressure ratio across the supersonic portion

Of GIffUBBY + v & 4 v o &+ & o 2 ¢ 4 ¢ o « s 4 s o« a0 o s 0,93
Total-pressure ratio across flame holder . . . « . +« » « « « 0.96
Total-pressure ratio across combustion chamber as

a result of combustion . .« . ¢« ¢ ¢« ¢ 4 v v v ¢ v e v ... 0,81

Total~-pressure ratio caused by losses across sub-
gonic portion of diffuser, exhaust nozzle, fuel
injector, and combustion chember as a result of
ghell friction . .+ ¢ v v 4 v i vt s e 4 s e s e e s e . . 0,92

4, At a constant gas total-temperature retlo acroses the engine
and a constant combustion efficlency, the performance curves of the
engline were not notliceably affected by changes in the combustion-chamber
length. Although increasing the combustion-chamber length from 5 to
12 feot improved the combustion efficiency, the operating renge of the
‘engine was reduced .
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5. No changs in the performence or operating range of the
engine was observed when the fuel was changed from preheated
unleaded 62-octane to preheated leaded 100-octance gasoline.

Flight Propulsion Ressarch Laborstory,
Natlonal Advisory Committee for Aeronautics,
Cleveland, Ohlo.
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APPENDIX - METHODS OF DATA REDUCTION

The date presented in thls paper have besen reduced and correlated
for the most part by the methods discussed in reference 1. Beccause
some of the data were odbtained at egnivalent free-stream Mach numbers

merkedly greater than those in reference 1, the methods of data
reduction have been modjified to include the effects of variables that
are negligible at the lower equlvalent {ree-~stream Mach numbers.

Equivalent Free~Stresm Mach Nuwmber

_ The equivalent free-stream Mach number M, was determined from
the relatlion _ T

[ 701 ] -
P 7 : ’ =
2 2 _(’ o\ 'O : =
Mn" = w2 - 11 1

For values of M, less than 1, the diffuser-inlet total pressure Pl
was taken as the free-stream total pressure Pj.

For values of greater than 1, the measurcd inlet total pres- ..
surce was adjustsed in the ratic of the total prossures acrcss an assuned )
gupersonic diffuser. This pressure ratlo was taken as the theorstical
nressure ratlio across a normal shock at the throat of a convergent-
divergent supersonic diffuser designed to allow shock entrance at the
pertinent Mach number. (See reference 10.) Because cven mors favorable
pressure ratios have been obtained on a differeont typo of supersonic
diffuser (references 11 to 13), this assumption seemod reasonable.

Exhauvat -Nozzle-Exit Temperature

As derived in reference 1, the exnanst-nozzle-exit temperature T,
was determined from the expression

) "2
r
PyAyFy 2 AR(D, - Do) L Fa Aylpy - Po)]

a 2 ) , 2
sng gBm8 Zchp,4m8

T, = (2)

When the ultimate exhaust-jet Mach number MJ ie less than 1, an error
in Ty of less than 2 percent results if Dy s agsumed equal to po. 4

B g
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Thie agsumption, however, leads to Increasingly erroneous values of
T4 for condltions of Mj greater than L. It ie necessary to deter-
mine p, more accurately at the conditions for which MJ is greater
than 1.

Because M, i8 approximately equal to 1 for all conditions of

M; greater than 1
J T4
P Y4+ 1\\74-1
4 (a7 - (3)
p4 AN 2
Further, the Jjet thrust FJ can be exrressed es
{- 74"1 -1
‘ ——
7
F 274 U/IQT\ * ll Al ) (4)
= Py i\ o= T Rt APy P
J 74‘1‘”‘\\4/ ] °

From a combination of equations (3) and (4), the following exnression
results; .

F P
_ 3 .. Do
Pa B v D Ty + 1)

(5)

Equation (5) was used to determine p, fcr all data presented for
conditions where M.J was greater thasn 1.

Over-All Efficiency Parameter

The over-all efficiency parameter was modified to include the
effect of variations in the total-temnerature ratio across the engine
T (72 assumed equal to Tl) on the over-all efficiency. This

effect became noticeable at high values of My. The over-all erfi-
ciency of the engine is

= Oll'bj)ut . anO (6)

input - thJ
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It is assumed thet the ratio of specific heats 7y does not chenge
through the ram Jet, that no energy loss ocours in the diffusicn and
offusion vrocesses, and that the gas flow is egsentially the air flow.
Then the net thrust F,, free-stream velocity Vg, and fuel consump-

tion Wy can bhe stated a8 follows:

¥,
W , . _ _
Fn = féa"'vD (’V T]_ - 1) (7)
Mo/ 7 8RTy
Vg = - (8)
! y ]
; -
"L+ ° M a
o 2 0
w.o o (Tg = Tq)
Wp = B2 . (9)

Ly,

Substitution of equations (7), (8), and (9) into equation (6) gives,
a8 an apnroximation, the over-all efilciency in terms of MO, My,
and Tl. Thus

no=-

Vo = L : o
0 2 \1 + /T3
%

7o - D My' > (10)
1+ ) :

Equation (10) shows that the quentity of {1l + ‘/Tl) ig primarily a
function of M0 and Ty, . The quantity n(l +~/Ti) was therefore

plotted as a function off My and Ty.

Similarly, by substitution of equation (10) into equatlon (6),
550 Wf 3600

the net-power specific fuel consumption parameter is

F (L + V1)

primarily also a function of MO and M - This quantity was thereiore
plotted as a function of MO and Ty, *
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Ultimate Exhaust-Jet Mach Numbser

Tor conditions at which the ultimate exhaust-jet Mach number
MJ was less than 1, its value was calculated by the method described
inh reference 1. For values greater than 1, Mj wag calculated in
the following manner:

Because tihere 1s relatively small loss in total pressure between
gtations 4 and J, Jet Mach number M‘j can be expressed as

r 7J"1 {
l’ -—-7—,—-—
. N
73 —_lt\.‘po/

Inabmuch as M, is approximately squal to 1.0 for all conditions of
M, greater than 1, P, from eguation (3) can be substituted into
equation (11). Thus, assuming 74 equal to 74

sz = 1 (11)

(" 7J-l I
Y

Y, + 1,p J

M2 - —& [3 (28 1 (12)

- !
J Yy -1 2 Fo

The exhaust-nozzle-exit static pressure p, is given by equation (5).

Total-Pressure Ratio Across Engine

The theoretical curves of M, as a function of Mg and the
total~pressure ratlo across the eligine PJ/P vresented in fig-
ure 16 were calculated by meansa of the following expression:

7
f -1 Jlre-l
. l1s Zi—i5132= !
%JL: S 2 J — (13)
o T 10

Yo -1 2701
; 0 1 0
fr—z

'
{
-

Equation (13) is based on the assumption that pJ is equal to Py
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Figure 3, -

Flame holder used

in wind-tunnel

of 20-inch ram jet.

NACA
C. 13975
12. 20- 45

investigation
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Figure 4. - Modified combustion-chamber section used in wind-
tunnel investigation of 20-inch ram jet.
NACA
c-17166
11-13-46
Figure 5. - Exhaust jet issuing at supersonic speeds from
20-~inch ram jet during wind-tunnel

exhaust nozzle of
investigation.



— Flg.

E6LOS

NACA RM No.

o'z

*T3A3T Wes 3F SROTITPUO? DIJINOSONI® DIBOUBYS

VOVE 03 poonpax 3snayy 38f eTEION JSNRHXD 193 omep-Houl-g°9T WITA 34 Wed qoul—0g .e\nm A5NIQ3
3af psonpsd uo WTUIT JeqEEYP-mOTIcngEoe pue Oy  Jequou goux meodjs-aadj juagesjube Jo 30833E ~*9 emIL

On ‘Jaquom QouN Wo3d]s—aadj JuUITeAfnby
'L 2'L 0°1 e° 9° | M 8 0

21 O : Po
g (o] 00701

(3J)
q3Juay
Jequret s
~uoF3snquo)
000" 31
000 b1
SOIANVYNOBIY HO4 33111MNMOD
AHOS1AQY IYNOIAVN

- AN .

qt 'cvra 3snayg 50f pastpag



EELOS

NACA RM NO.

Fig.

*PTXIOU }SNBYXQ IIJOWRIP-YOUT-g Q| n:: 1o mex goui-ggZ n.m 1snaqy 3e( uo 9PNITI®
oxnzseid pus ‘q3Bua JoqWeyO-UOILBNQEOD ‘Op asqunu govM WEaIIE-9IY 1USTRATNbS Jo 108JFF -°4 9InBid
Op ‘zoqunu uyoeR wWesi}B-»3J] JuSTRATNDY

0°3 9°T 9°1 V1 B°L 0°T g° 9° V" g°

o!.l

| p
v

'L
yd v
\

N

/
s / /

NI
N
::<

N
g

™

k
8
A

N \
™~
X

g

\J \ Ic{\%&T\ / 2t O T

g o

o~

AV R~./iRV/RY Y
/s

U™ Jagquend 008
9 \\ ~UOT3ENQTOD
or o o0ofo¢ | 000708 00p 0L
(3}
] L uu....nmfuﬂm 0082
SOILNYNONIY HOJ IILLIMNM0D | pod
AMOSIAQY TWNOILVN

qt ‘Fd Yasnayy 3ep

t_oi« Fi DE’»’&'T':’EL;‘



B

————

E6LOS

NACA RM No.

“[3AP[ WeS 3 FUOI3PUCY DIJaqdIcEWIR® PJEPURIS VOVN 04 pooupad sEndyl 38U feTizou
ISOVGXI JIIWMEP-QOUT- Y[ PUC JIqWRYD UOCTIINGNOD 3100J=5 YITA 38f wed youp~-03 9/ asuam Gau
psonpad uo L1 oj3wa sdnjuaedmad-Teqo; puv Oy  aequou Yowy Weadjs-sad] Jusyeafnbe Jo 138JJH «'8 aMIT4

Oy ‘anquuu qoey measis—sed] justeagndyg

'8 81 9°1 ;g 1 9°1 9 LM w. D
4]
0001
0003
T000%
10009
10009
0°9
0004
]
a°
i/
e o0od
LS
SOILNWNONIY HOJ 33LL1MNGD
AHOSIAQY TUYNOILYN 0008

QT ‘9/Ud ‘aenamy jeu pesmpay



E6LO6

NACA RM NoO.

DENTYAL B

NF [ DENTY:A

v

Flg.

SQTTZOU INWGAI JBJIMV[P-JIUT-E YL PUR JoquEgS UOTISNqEOd 300J-Q Wi 36[ wea goul-0g *dy  gueregzsece
AsnIQj-38a UO Ta ojed dunjesndual-Teqoq puv o! JOQERHI OB WEBILE-03]] JUITWATRbGS Jo 308374 ~*6 Sandia
O "oquou qouy Weasls—2347 JusTeajubi
0"3 8°1 91 ¥°T 2T 0°L a9° 9° 2" D

.H.

n
[

-
X

T

A EAG 9|

%o
0n
)
-}
[ +]

|
1]
-

oo d

© \

il . .

! mu
S LNVNDNIY HOJ IILLINNOD
AHOS LAQY TWNOILYN

dy squetorggece asnaygezen

‘“CDNFIDENTIAL"



[0

Fig-

No. E6LOE

NACA RM

-3

*o[270U JEUVYES LBYSMTTP-OUT—-G'IT PUR JEGWED UOJIEDAEOD 1005-G YITA 39f wea goup-pz *(Yal) #

asjoaered LouajoTjje TIB~deao Twepf Uo ON Jequawi Yowp Weed3s—aeaj juerTeajube jJo 39978 -*0T am3rd
Ox *xaquami GowN Wwsu3s—seq] JueTeATuby

. [ - - - » . ™
g'1 2 B°1 1 g ¥ 4

o 0
]

e i
A |

. I
N J
(]
JuesIas '(t_:.f'-pt) :'& fIsjeunged LOUd}OFIIe T[U=d8A0 TESPI

©
w

SOILNYNOY3IVY HOJ 3311100
AHOSIAQY TYNOLLVN




Fig. 1 CQMFIDENT:AL . NACA RM No.
4
i L
- i ™
;H
i !
od b
z‘.!:. 3
o
2O
%
| -
-

1.2

1.0

«8

o4

O

.2

o
- © o - " o = ©

u au=-dy janays jelfqr
(IaleT) Oa¥g
A o a ry * geqacreand Loljdunsuco TA0Z 0TJfoads Jemod-3eu jwapl

PPN DENTIAL-'J‘

Equivalent free-stream Mach numbar, N,

E6LOE

550 Wp 3600

PArametey —em————e——mn, . 20-fnch ram jet with 5-foot combustlon chamber and 16.8-inch-diameter
FpVg(1+m)

exhaust nogsle,

Q9



12

Fig.

“27T20U FETLWYLDS IOJHENEP

—Youy-9°H{ pus Jeque]d WOTIENGMOD J00J-¢ Y3TA 39 WRI QIUI-0Z ..MW».. )b Jegeemaud Louepeijle
1re—dsa0 uo % Louaoyzjye uorisnquoo pue Oy sequnu yosn uwazis-sad) Justeatnbe Jo 40833 -*3r eandid
Of ‘Jequuu Qoug MREIYE-Id] JUITeATnbA '

E6 LO6E

NACA RM No,

0°3 8T 9°T | 4 2'1 0°1 1] ‘M L 3 [+]
| | o
- ]

7 7.4 ;

o \. ﬁ

722 .

v |- :

VYN :

\-\ ava \.\ ‘H a.”

Ve \\ / :

AN AN/ 3

g a4 ;

- M\ A/ 2

AN/ Y3

ST VTV 3

s | A/ d

A

e \\ _ o 3

\\
w4 N
00T
et L L o T L




E6GLO6

. NACA RM NO.

—

L

C&F‘:‘ﬁl‘:‘ﬁﬁh

13

Fig.

“QIION ISTEYYD JIIMHP-YOUL-FTIT PR IHIEED

Ta QFH
09c A 039 Jegsemsed UCTIdmUSUCO TeR OTITOCdE aewod

—qou uo W Looeteryye moTasaqwoa pre Oy  Jsquin gowg meerys-osay JusTRATURY 3o 2221IR —*CT SmILL
Oy *zaqeon qowR Weerjs-wed] JUSTEARLE

ROYIINQWGD 300J-C WITA 38 WEI YOUI-DF

o' 8t 9°1 H°L T o1 9 9° ¥ =" ao
;
{ ]
Pt 5
AN
\ ¢
AR ;
2 A\N :
157 i
154 A\ :
3 \lF e
%,., w
\ t M
\ , 4

s

|
49
$31 LNYNONIV ¥04 FILLINMROD /’
AUDS)AGY TVNOL LVN s

oose Ia 0ds
@N FIDENT1AL '

Jag-df aendus aeu/qy



I 4

ig.

E6SLOG

NACA RM No.

‘9Tz20U 15NBYXQ J@IPWNIP-YDUT-B'0| PUF J2qWEYD UOT1SNQWeS 100)—Q Y1i% 318f
WBX gouj-gy b AouUSOTFFI TT¥-I040 uo OF sequnu yowN wesa3s-23a) juaTeATnbe Jo 10913y —'y| eanfyyg

Oy ‘zequnu gomg WBII1E~93d] 1uSTRATINDY
02 B 1 9T vT 0T oo
oo )
0
Q ez
D

¥

o

N~

AV AW
& o

O
-3 s
(1] §
o
(o)
o] 3t
(42
-3
331 1NYNOYIY 304 JALLINNGD
AHOS 1 AQY IYNGITLYN
» A L]

R XaTal

¢ £oUaTLTIIR TIG=J9AD

‘W

1uatJad




ESLQ6

NACA RM No.

M1 DENTHAL

15

Fig.

Qu
. e o Ad

*pl3tou Asneyxa 12398 p-YOUT-F 5T PUS IQAWYDS UOIIINGZOD F00J=G GITm B uisd YOUF~0Z |||ly|

wojjdemsuce [ang oTjfrede sasod-jau uo Oy Jequnu gowy wwal1s—33d] JTATRALRbY jo 1037)§ =*G7 &M¥TL

Oy “Jequnu Yooy WeeS33—383] Jus[eapuby
a [~

-

ay=dy 3snays Ieu/qt '—5'

z 51 #1 1 3'1 1 a° L 2" [
o
9op
@ F.
&5
@
&5
03 "
1
4 0
4
- 4
i Q L
o o
g i9
(o]
L
9
SOVINYNOHIV HOJ JALLIANDD o :oﬂ.ma m..ﬂ.m‘o.mn
AHOS 1AQY WNOILVYN I B oo _

=

X

fgordunauoe Teng ciJroods Zemod=1 oK

-

A OS9
§oN F I DEN

i

14

009



16

_F.ig.

SAITOU 3SNWEe I3 MNP *9T PUR ISqEN(D WOT]SOQEDT J00J-0

qiia j0f Wel Qoup0f ‘BT = O UOTITPUHCD WEeX{5-83F 91 GUM £°T w FA  UOTITPUCO 38[-3FAWELI ¥ 39SY

0, (O15T08T Jo OTIWL o PEITTITHO Beadm3 Oj3eL umessid-Tesal fx seqmn qown ga[-3amwrs sywpaTn wo
.-\; 19 wel s¥0a0¥ OF3vd smssead-Tw303 puw Oj JSequait yUwy Weea}s-e8d] JUSTRATEDO JO J08ITH «*GT eSuitd

o:.u.innnoﬂuau.ﬂf-!ﬂu:iﬂun
o's 8°1 9°t ¥ 21 o't g

'y
) ¢
0

1 ]

'

!
]
/
T g
!

~
£
~
"o
LY
h Y
N

2 i - .4
-\ A \- \\ \\\
/ ! s s "

~\‘
-
e
L
by
Ty
k
LY
29
\
\l
]
L ]
Py aoquins qowpl $9f-39n9xs S3mOaTa

E6LOE

NACA RM No.

| ’ — $
v, fs NY YV, /|
/ 4 . s 1/
s ’ P
s RN AN
FaNarLd . -
s V4 A -
4 g 217 /
P, 1 V ~
/ 1 A
Vi U4 4 4
P Fl 7 ’ .
b e 01
\\ .u‘ A g
i z
. A — P,
A ..\ / \
’
\\\ .\.\\. p 3°T
y ’ r y
A \‘ . \\
v | P o
y’ .\\ A .\
£ L. %1
\\\ \\« \\\\: "
oA A
1 +os [ F
R W D A,
4 4 WP 1
\\\ \\ 7
L o \\ Vi 4
\\q 7 \\\ 7 SIHLINYRONIY HO4 IILLINWOD
’ Fany 7 \\ AHOS1AQY TYNOILYN
> B8'1




E6L06

NACA RM No.

17

Flg.

15NBXD JIJHUVFP-IUT-B°Y] PU¥ JIQUEED UOTIENGWOD 300J-C Yila 3of WBI Youf—02

*3T3Zou

*810%y  aagoummaed

2BqUNU YIwyx ITUT-JIQUEYI-UOTSNqUod Bo Oy  aequnu UO¥K WeoJd}E—add] Juaiealnb’ JOo 30aJJd ~"AT a-ndiJg

0°2 8T

8°1

Ox “isqumu yowg wmatie-asd) JuUareAlnby

v.

g1

't

mdl

mu-

b

3° 0

st

/

og*

83°

9e’

SILLNYNOHIV HO4 33LLIANOD

AYOSIAQY WNOILVN

By pBy

‘Sejeupawd Jaqunu QoeN 3 0TUT~J2QuUIYP-UDT 3 SNQUIOD

‘onmoeunu_—;



I8

Fig.

E6LOE

RM No.

NACA

0's

*OZE0U }5NVYXe JLjeWRTp-Youj-B°g| DU JEqNBYO UOTISNQUOD 100F—q YITH %eof mud
yout-qg “Hqu“ J919unand uoTz—r1e uo On sequnu yown weeass—eeay i1ueTeAinbe Jo j0ejyE-'g) eanfig

2°1

9°1

1

Yaamn
DAt

2°1

e° ¥ 2

Bt Y

SILLNVYNOHIY 304 3311 1MANO0D
AHOSIAGY TVNOILYN

(=]

H0Q

oy
=
1
0w 3
-
3
i
051 m
[
o
o3
oot ®|
—I-
s
H
002
0¥z
088
ozt




ey
NACA RM No. E6LO6

e DENTIACT

19

Fig.

~{aul-g 91l vuw Jeq

-1 uo 3y o7iwd saNjuledmal-[e1o) pue

0°2

8°1

871

uojis

2 190J-G e I8 wes youl-gg

O

mel2ZOU JSABYXI JejeRelp

Yalo
. gre

009t W Ju

On ‘zaqumu yowy wousiis_aea) jusiuainby

L bl 0°'T 9 2° p* z2*
: ]
. 9°s
R e
9 @%\ ¢*9
t4
84 29
NESY: A9
a6
7 5 g
stel oo
]
7 5 SOHLAVNOEIY HO4 IILLIANCD
AHOS |AQY TVMOILYN

97 suwa sd :o«un!-..uﬂo_u

J3EMU yoey WEIIIT-BEIL JUI(dalbbs o qaajgd -*gl B4

&

:

g

g

000

000%

|/

9
ooRe W JIa

‘2aqsuesnd uciidumouco-[ang

x5/t ¢

nEroenTiaL W



20

y

E6GLOG

NACA RM No.

*erzzou
AENWYXI A23INTIP YOUT-FTHT PUB Zaqueld UOJ3Stquod 300)-C LITA 33f BB Youl-z W Aoue[orJio ueyysnqmod

no On— foonegagd atsioom Toummal aansmasd arduwae QINTOEQE YTYa_ranwmwas usYasnamag ann 18w smoumu
W SSNEI2AC QUL IGEE IS 2SNEEIIC 27493F SINI0EQE JiIs—Jsquvyd-usiqangqust pus A <squEmu

YIBR pue 84  ganssead 971€315 9qNTOSqQY JOTUT~JOqUEYI-UCTISTKLCD ‘B/T o0TjBd Ajw=-ToNJ JO 3083J3 —="0z 240974

e/J ‘ojyed ape~-1sng

Lo° 90~ S0° PO° £0°
03% SLF [L9% 0¥ 9L og
¥OST] 0CT| €381 81ETT gaLT
ooy /sﬂ s s T 7 oo
)
N O\ L\ [ /e ||
oL N\ /// N oor T o5 | / / Toss ] o
%.m#///, WRNES: /// L 266 \ \ \ /| %Mﬁ g
962TR_ N //// /,, /// aceT ‘ \ \\ \\ 20T @
— wmwﬁ // // /// /// \estt LoLf L/ \\ MMMF 08 w..
D92 T / \ \ \ <
S NN ////// ! | /1 .
0ag S / 69 | o
i %mﬁ ///// ?// \ \ \\\ \\ x\ mmmw 09 w
gAS a
OSSNNN748 - ang
mmm.//yf//,//// I " T i I ¢
095 .//.Uﬁ// IJ_M_ 318 — 0
S ISNEREN. || Gest| 3
90b1 M T 594 2
LOTF—" T
cict N N - o’
mm“.w\.c mmmm.\\\\ _~Toos _ Y/ TW /// o _JoTEL]
LevT 9661 = gger [l [\ ///// 8%
0221 30
i S ANRNNE
008 N // {0zt N[
¥OET ] 226l L2011
¥eeT 8sel /// BELL
566 oomﬂ T
¢ 1 N\ |
sest /% N
S1LNVNONIY HOJ 33LLINWOD pod wmesofid 0jpwis RIXS"pTz20R-3dnpuxd JOAOT | \j 00¥ T
AHOSIAQY TVNOILYN 2d ofmesopd o7he1s hotuglasqubys—u :.mmumﬂm et lesst!




EG6LOS

Grrmmare AnEErTaA YoA amwTn TIAITTY_ASnT ntro  FAATErTA  HATA SNAND
TE(EEUU JOTICULT wdGwmi iy HUU[=D TL FWU® wo(utyy uupgeig=s

wed Frul-0z "W £oueloljJs uoljsnquod uo 04 {2vussoad jusjque

071998 SqNTOSQE FTXB-AeQUUYO-UOTISNqEOd pue ‘ZH  Jaqumu yoeq pue

973E15 2NTOS8QE 38 TUT-JIQER[I=-UOCTJSUQUOD ‘u\u OT3wI djEe=1an3g JO
®/J ‘o073ed Jdje-Tong
ag* co* ¥0° £0°

NACA RM MNoO.

0d aumssaud oqyess 3 1xede1zzdu~qstiegxd {0091
O Jaqumu Hoey uoanﬂTnop d=U0 T3 SIqmo] mﬁbo.//
d ssaad oshess uoﬁﬁlﬁﬁuéoﬂuw Kwo) [03LT

005T DT oo \
s201}  |oveo] ool S
1002 \  [FTLT} 8L6T

naT AN /
\ oot
/eost

e oN |\

\
000T] N Y O00T
1 o \ \ 8821 1
s [/
/]

NREEEALY

00¥F1
90T 1
98.L1T
S ATV
A5 e
mmwﬁ\ mmﬂu\ \\ \ ./o/ /mmﬁ. 5680

0281 seet] 1/ A\ lpzst |9 JcosT
\rrfeoety X govT
¢811]zE0T SzTr

21

2861]| / \ \ mmMH g661 LBAT
0¥6 [} ﬁ.

Smn\w / 80

LL6T 8161

g00T

g0ty /mmww.

22LT 2>

S INYNOY3Y ¥0d IILLINNOD
AHOS!AQY TUNO1LVN

Flg.

$L3uBTo IO WOTISNQWOD

AT

quaocdad




3 o Sy
mowrmeme pomaey | L _a—— 5102

Perthonole, “EV°" | DIVISION: Power Plants, Jet and Turbine (5) ;
' Sterbentz, W, H.|SECTION: Performance (16)
CROSS REFERENCES: Engines, Ram jet - Performarice data
(31065.3); Engines, Ramjet - Testing {3L065.8)

e AUTHOR(S)
AMER. TITLE:  Performance of a 20-inch steady-flow ram jet at high altitudes and ram—pressure

ratios
FORG'N, TITLE:

ORIGINATING  AGENCY: National Advisory Committee for Aercnautics, Washington, D. C.
TRANSLATION:

COUNTRY LANGUAGE [FORG'NCLASY U. TASS. | DATE [PAGES| HIUS. FEATURES
U.S. Eng. A Jun'ly7] 29 21 {photos, diagr, graphs

ABSTRACT
Investigation was conducted on performance of 20-in. ramjet engine over wide range of
altitudes and free-stream Lach numbers._. At maximum free-stream Mach number 1.8, net
thrust of 8135 1b and over-all efficienty of 12.6% were attained. Specific fuel con-
sumption was 1.06 1b per net thrust horsepower-hour, and combustion efficiency was 70.2%.
Principal total pressure loss was caused by combustion. Method of reducing data was im-
proved to include effecta of variables at high Mach numbers. No performance variation
occurred when fuel was changed from preheated 62 octane to preheated 100 octane gasoline.
NOTE: Requests for copies of this report must be addressed to: N.A.C.A.,
Waehington, D. C. =
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